The microwave spectra of the two chlorine isotopic species of 2-chlorothiophene have been measured in the region 26 500 -40 000 MHz.
Introduction
The subject of substitution-induced ring-structure deformations has attracted the interest of many workers. In an attempt to estimate the magnitude of the effect for thiophene, Harshbarger and Bauer1 studied 2-chlorothiophene and 2jbromothiophene by electron 'diffraction in the gas phase. They found that two slightly different structures, A and B, could be equally well reconciled with the experimental data. Both of these structures were distorted and did not show C2V symmetry.
In a critical analysis of Harsihibarger's and Bauer's work, Derissen, Kocken and van Weiden 2 questioned the validity of these results. On the basis of a re calculation of Harshbarger's and Bauer's data, they claimed to have shown that a structure having Cgy symmetry or even a completely undistorted struc ture would fit the data equally well. The question regarding the amount of ring distortion in thio phene thus remained unsettled. Table 1 shows the parameters of the different structures proposed by the above-mentioned authors together with the corresponding calculated rotatio nal constants. From these calculations we conclude that none of the structures suggested so far will give correct values for the rotational constants unless very special values are assumed for the experimen tally undetermined angles S -C -H and C -C -H. We find no reason to expect a strong deviation of these angles from those of unsubstituted thiophene. Of course, one should not anticipate that the elec tron diffraction and microwave results agree pre cisely, because of the well-known differences in the types of averages which are determined. However, the deviations between the calculated and the ob served constants are probably too large to be ac counted for in this way. Thus, the most reasonable conclusion seems to be that the true ring structure of 2-chlorothiophene is intermediate between the structures proposed by Harshbarger and Bauer and that of thiophene itself. Determined by Derissen et alias 2. However, they did not specify the H-angles. These were chosen to be the same as in column A. e The thiophene structure was given by Bäk et alias 3.
f The thiophene structure was given by Bäk et alias 4.
Experimental
A sample of 2-chlorothiophene with 97% purity was purchased from FLUKA and used after a single redistillation at atmospheric pressure.
The microwave spectra were recorded on a Hew lett-Packard model 8460 A R-band microwave spec trometer with a phase-stabilized source oscillator.
We recorded more than 300 transitions for each of the chlorine isotopic species of 2-chlorothiophene at room temperature and pressures ranging from 8 to 50 mTorr. The frequency region was 26 500 to 40 000 MHz. The observed lines were from 0.3 to 1 MHz wide, depending on the pressure. The pre cision of the measured transitions was estimated to be 0 .0 2 -0 .0 4 MHz.
Spectrum
The spectra of C4H332S35C1 and C4H332S37C1 were both easily observable at the natural abundances of the chlorine isotopes (75.4 and 24.6 per cent re spectively) .
The observable spectrum consists of a large num ber of "/?01 transitions with AF = + 1 . This is in good agreement with theory5, which predicts an approximately hundredfold greater intensity for these transitions than for those with AF = 0, while the AF = -1 lines should have a negligible intensity. Thus, for the transitions in the 72-band with /-values from 8 to 14, each rigid rotor line is split into four observable components by the quadrupole inter action.
The intensities of the absorption lines fall off as increases. At the same time, however, the Stark effect becomes faster. This is due to the appearance of accidental degeneracies, giving rise to first or mixed order Stark effects 6. A genuine second-order Stark effect is obtained in some cases only, when j has its lowest values. In spite of the low value of the asymmetry para meter (x= -0.758), the high transitions are grouped fairly well within a few hundred MHz. As predicted by theory, the nuclear hyperfine splitting increases with Thus, for low values of K_l5 the four quadrupole components merge into one single peak. As increases the peak splits into two and finally into four resolvable peaks. The de pendence of the degree of splittinig on the value of K_! gives rise to a very characteristic pattern.
Assignment was considerable facilitated by a spe cial computer program which automatically plots any desired part of the spectrum of a rigid asym metric rotor having one quadrupole nucleus. The program is based on the usual first-order theory. It assumes that each individual absorption line has a Lorentzian shape with the same half-width for all lines. Figure 2 compares the plotted spectrum with the observed one.
Comparison of observed and computer-plotted spec trum of 2-chlorothiophene in the region 29 568 -29 807 MHz. The differences between the two spectra are caused by Stark lobes, vibrational satellites and one 37C1 line.
For the purpose of applying the plotting program, the dipole moments were calculated from an assum ed structure using the CNDO/2 method This yield ed ,ua = -2.2595, jub = 0.2774 and fxc = 0.0 D. The program was found particularly helpful for the 37C1 isotopic species of 2-chlorothiophene, with its lower abundance and poorer signal-to-noise ratio.
A search for (^branch transitions proved fruitless. The same thing happened with the 34S species of 2-chlorothiophene. This was presumably due to the poor signal-to-noise ratio of these lines at the tem perature of the experiment.
One strong vibrational satellite was observed for each of the molecules C4H332S35G1 and C4H332S37C1.
For inverting the normal matrix during the leastsquares fitting process, we used the method devised by Lees 8 .
The solution of the least-squares problem is usu ally expressed Ax = B~1ATAv.
Here B is the "normal" matrix AT A and Ax{ are the corrections to the parameters . Av{ are the residuals, i. e. the differences between the observed and calculated values of the frequencies. A is the matrix of the derivatives {An = dvi/dxj).
In Lees' method, the matrix B is first scaled by the transformation BS = C B C , where C^O M ü -1).
This is equivalent to normalizing the fit vectors Xt [defined by (A,) = Ajj] to unit length. Bs is then diagonalized As = Os Bs OsT, where As = (/j <5jj) is a diagonal matrix. From ele mentary matrix calculations, lit follows that B~x = C Bs~l C = COsT A s '1 Os C . Obviously, we have A s -i -a r 1^) . The diagonalization was carried out by the usual Jacobi routine.
Lees' method has two merits. It improves the con ditioning of a near-singular matrix. In addition, diagonalizing the scaled matrix provides a diagno sis of linear dependences between the parameters . Such dependences may be accidental, due to a limited experimental material, or they have a more fundamental origin.
Kirchhoff 9 has published a comprehensive article on centrifugal distortion effects. He discusses wheth er the planarity conditions should be invoked for the centrifugal distortion coefficients during the least-squares fitting process. He concludes that the planarity constraints should not be used unless the experimental data are so poor that it is not possible to fit them with five parameters.
In this investigation, a somewhat better fit was indeed obtained when the planarity constraints were released. No difficulties in the form of serious linear dependences were encountered during the fitting processes. Table 2 lists the ground-state rotational transitions of C4H332S35C1 and C4H332S37C1. The resulting rota tional, centrifugal distortion and quadrupole cou pling constants are shown in Table 3 . Table 4 pre sents the rotational constants of the first vibrational satellites and the calculated values of the vibrationrotation interaction constants.
The comparatively large relative errors in the cen trifugal distortion coefficients should be viewed in relation to two factors.
1. The magnitude of the distortion effect which amounts to 0.1 -1 MHz for most of the lines. Figure 3 shows an incompletely modulated line as simulated by a computer. Our experiments veri fied that the observed frequencies of the transitions were indeed displaced when the Stark voltage was varied. The order of magnitude of this displacement was 0.05 -0.2 MHz. No attempt was made to cor rect theoretically for this effect since only a few of the lines concerned have a genuine second-order Stark effect 6.
Owing to the high /-values and low Stark effect of the unsplit lines measured, we could not deter mine the dipole moment.
As we have already mentioned, one strong vibra tional satellite was observed for each isotopic spe cies. A rather crude estimate yielded the value 0.327 for the intensity ratio of the vibrational satellite to the ground state at 24.1 °C. From this, the energy difference was calculated to be 231 cm-1. The large negative change of the inertia defect in going from the ground to the vibrationally excited state is typi cal for an out-of-plane vibration n~13. The spectroscopic vibration-rotation constant aa has a large negative value in contrast to a^ and ac . This indicates that the vibration is probably an outof-plane C -CI bending vibration, since the a prin cipal axis of the molecule is directed approximately along the C -CI bond.
Starting from the well-known expression for the inertia defect of Oka and Morino14, Kakar15 has shown that as the frequencies of all in-plane vibra tional modes tend to infinity, the frequency of the out-of-plane vibration can be calculated from the formula o)t = h/2 7i2c(A0-A 1), where A0 and Ax are the inertial defects of the ground and the first out-of-plane excited states. In serting the values for A0 and Ax, we obtain a)t = 61.4 cm-1 .
This deviates largely from the earlier value of 231 cm-1 as estimated from the intensity ratio. The de viation indicates the presence of strong interaction with low frequency in-plane vibrations. These conclusions are in very good qualitative agreement with the results of infrared spectroscopic s t u d i e s 17. According to these studies there are two absorption lines in the far infrared region, one at 222 cm-1 and the other at 257 cm-1. The first line is interpreted as an out-of-plane vibration in volving the chlorine atom and the second one as an in-plane vibration also involving the chlorine atom. Table 1 lists the parameters and rotational con stants of the different structural models suggested on the basis of electron diffraction measurements. HB (A) and HB(B) are the original structures pro posed by Harshbarger and Bauer1. The remaining structures except G and H, which are based on the ring structure of unsubstituted thiophene, are those suggested by Derissen et alias 2. They include two structures with Cgy symmetry (one of which has the additional constraint that the C3 -C4 distance should be equal to that of thiophene) and a "refined" ver sion of HB (A). Incidentally, the two C?v structures are the only ones for which the positions of the hydrogen atoms were actually calculated from the electron diffraction data. For the remaining struc tures we had to assume values for the C -C -H and S -C -H angles.
We first observe that the two C9V structures of Derissen et al. yield poor results for the rotational constants. This is presumably due to the fact that the assumed high symmetry imposes unduly strin gent conditions on the fitting process with the result that the hydrogen angles are forced to assume un reasonable values.
For most of the remaining structures we can achieve good agreement with the experimental rota tional constants simply by choosing suitable values for the hydrogen angles. This is nicely illustrated for structure C where the agreement with experi ment is almost perfect.
If, on the other hand, we accept that the hydro gen angles should not deviate too much from those of thiophene itself, the conclusion becomes different. The observed rotational constant A is larger than the calculated values for the structures A and B and smaller than the calculated values for the structures G and H, which are based on the structure of thio phene. If we assume this to be significant in spite of the principal difficulties in comparing electron diffraction and microwave results, we conclude that the true ring structure of 2-chlorothiophene will probably lie somewhere between the structures pro posed by Harshbarger and Bauer and that of thio phene.
Quadrupole Interaction
The off-diagonal elements of the quadrupole cou pling tensor cannot usually be determined from ex periment since (these elements do not contribute to the first-order quadrupole splitting. This usually means that x cannot be diagonalized to obtain its principal elements, yx , y^v and yz , without some kind of additional assumption.
The usual approach 18 is to assume that the direc tion of the z principal axis of the quadrupole tensor coincides with the direction of the C -01 bond. The y-direction is assumed to be perpendicular to the plane of the molecule. Let us denote by 0 the angle between the z-axis and the a principal axis of the rotating molecule. The following expressions for the quadrupole coupling tensor components are then obtained for a planar molecule:
7.X =-(Xbb cos2 0 -yaa sin2 6) / (cos2 0 -sin2 0), Xy = lee' lz = (laa cos2 0 -Xbb sin2 0) / (cos2 0 -sin2 0).
The asymmetry parameter rj is defined in the fol lowing way V= (Xx~Xy)\Xz• Another asymmetry parameter, Am, was defined by Goldstein 19 as -Xx -Zy •
The experimental results for the quadrupole cou pling coefficients are listed in Table 5 . The ratio of the principal components of the quadrupole coupling tensor of C3H4S3'C1 to those of C3H4S35C1 is 0.7878, 0.7899 and 0.7888 for yx , Xv and yz, respectively. These values are very close to the theoretical ratio of the quadrupole moments, 0.7881. They deviate by less than 3 parts per thousand.
Let us identify the p-orbital populations Ux, Uy and Uz with the bond order matrix elements Ppxpx, Ppyvy and PPzPz* We obtain for the excess p-orbital We should not expect, a priori, that the derived equations will hold very accurately. To begin with, we have neglected electron-correlation and corepolarization effects. Moreover, it is generally re cognized that the orbital coefficients obtained by the CNDO method do not necessarily represent the best possible choice, in view of the semi-empirical nature of the method. Betsuyaku 20 has tried to obtain an improved set of orbital coefficients by applying a Löwdin type transformation 26 to the orbital coeffi cients obtained by the CNDO method. With the usual value 109.746 MHz for e Q gat and applying the above formula for the components of the quadrupole tensor in terms of the bond order matrices, our CNDO/2 calculation yields Xx = 51.18, yy = 48.82 and % g = 100.00 MHz.
However, we found much better agreement with the experimental result for the quadrupole coupling ten sor by assuming that e Q q& t = 83.58 MHz. This yields yx = 38.97, = 37.18 and yz= -76.16M H z.
